The switching/modulation properties of a vertical-cavity semiconductor optical amplifier (VCSOA) are investigated. We report on maximum extinction ratio, carrier recombination lifetime, and modulation bandwidth of an optically pumped VCSOA operated in reflection mode. A 35dB output signal extinction ratio was measured for a 7dB pump power modulation. The carrier recombination lifetime was investigated by short pulse optical pumping and detection by means of a streak camera. The extinction ratio analysis and the measured carrier lifetime suggests switching times on the order of 10ps. Frequency response measurements revealed a modulation bandwidth of 1.8GHz for operation in the saturated regime.
Introduction
Vertical-cavity semiconductor optical amplifiers (VCSOAs) are interesting devices for a wide range of applications. Besides acting as low-cost amplifiers in local area and access networks, VCSOAs might also find applications as amplifying filters [1] , optical inter-board connections [2] , switches [3] , and external modulators. The vertical-cavity design is compatible with low cost manufacturing and packaging techniques, as well as fabrication of 2-dimensional arrays, which are attractive for parallel optical processing. Furthermore, the vertical-cavity design is insensitive to polarization of the signal light, and the circular-symmetric cross section of the optical mode yields high coupling efficiency to optical fiber.
Using semiconductor optical amplifiers (SOAs) for switching is attractive because of their fast gain dynamics, typically large extinction ratio, and the fact that amplifier gain compensates coupling losses. The gain dynamics enable sub-nanosecond switching-time, which is needed in future packet switched communication systems. The use of in-plane SOAs for switching has been extensively studied [4] [5] [6] . Limiting factors for in-plane SOAs are polarization dependence and accumulation of amplified spontaneous emission (ASE) as switches are cascaded into switch matrices [6] . The accumulation of ASE can be mitigated by the filtering effect of the typically narrow bandwidth of VCSOAs. A verticalcavity amplifying switch operating at 1.55µm has demonstrated a switching time of 10ps and an extinction ratio of 14dB [3] . External modulators with gain are attractive devices for various applications. For example, the gain could compensate for losses associated with division of a signal for transmission to multiple recipients. Another application is the use of SOAs as remote modulators in networks with a centralized light source. Several proposed solutions for access and fiber to the home (FTTH) networks take this approach, instead of using conventional transceivers, in order to minimize component cost [7] [8] [9] . In the configuration in Ref. [8] SOAs are used both to detect the incoming signal at the remote nodes and to modulate a continuous wave (CW) signal for the upstream information. A VCSOA showing amplifier-detector dual functionality has already been demonstrated [10] . The potential low manufacturing cost of VCSOAs would be a major advantage for FTTH applications. The modulation-bandwidth of in-plane SOAs has previously been investigated; a 3-dB bandwidth of 1.8GHz is reported in Ref. [11] . Vertical cavity reflection modulators based on electroabsorption have also been demonstrated [12] , but the modulation bandwidth of a vertical cavity amplifying modulator has not yet been investigated.
Operating VCSOAs in transmission mode naturally yields a greater modulation extinction ratio as an incoming signal is absorbed when the amplifier is turned off. Transmission mode operation also allows for easy integration with transmitter or receiver arrays. Operation in reflection mode, on the other hand, simplifies fiber alignment, which in turn reduces manufacturing costs. Higher amplifier gain is required for operation in reflection mode as separation of input and output signals is associated with losses. VCSOAs typically use a large number of quantum wells (QWs) in order to achieve high amplifier gain. Optical pumping is advantageous over electrical pumping for such structures. The use of optical pumping reduces device heating. In addition, optical pumping can produce an even carrier distribution over a large diameter active region, thereby delivering high single-mode output power. Optical pumping has been proven to be a practical solution to pump long wavelength vertical-cavity surface emitting lasers (VCSELs) [13, 14] . Modulation of an optically pumped VCSEL at 2.5Gb/s has been demonstrated by direct modulation of the integrated pump laser [15] . High speed modulation of high power in-plane laser diodes, such as the one used for the optical pumping in the work presented here, has been demonstrated [16] , and these lasers have been used to modulate optically pumped 1.55µm VCSELs at 6Gbit/s [17] .
Device structure and experimental setup Fig. 1 . shows a schematic of the VCSOA that was used in these experiments. It is a gain guided planar structure that was optically pumped and operated in reflection mode. It consists of a stacked InP/InGaAsP active region wafer bonded to two GaAs/Al 0.9 Ga 0.1 As distributed Bragg reflector (DBR) mirrors forming a 5/2λ cavity. Details about wafer bonding can be found in Ref [18] . The active region has three sets of seven compressively strained InAs 0.5 P 0.5 quantum wells surrounded by strain compensating In 0.8 Ga 0.2 P barriers. The bottom and top mirror have 26 and 13.5 periods, respectively. The VCSOA was optically pumped through the substrate and bottom mirror using a 980nm in-plane laser diode. The spot size of the pump laser beam defines the lateral dimensions of the active region. The pump beam was focused down onto the VCSOA through free-space optics, giving an active region diameter of about 8µm. The experimental setup is shown in Fig. 2 . A 1.3µm external cavity tunable laser diode was used as signal source. A single-mode fiber and a lens were used to inject the 1.3µm signal through the top mirror of the device and to collect the output signal. The input and the output signals were separated by means of an optical circulator. The total coupling loss (including loss in the circulator) was about 5dB. An optical spectrum analyzer was used to monitor the output signal for DC measurements. A network component analyzer was used to measure the modulation response. For carrier lifetime measurements, a mode-locked Ti:Sapphire laser was used as a pulsed pump source, coupled in through the same focusing lens as the 980nm CW pump laser. A streak camera was used for detection in that case.
Extinction ratio investigation
Operating SOA-modulators in reflection mode is advantageous since it minimizes difficult and costly fiber alignment; this is indeed the configuration chosen in Refs. [7, 8] . Previously reported reflection mode VCSOA switches turn off completely in the off-state thereby limiting the extinction ratio to the gain of the amplifier [3] . However, the unique properties of the Fabry-Perot structure can be used to significantly increase the extinction ratio. The reflection gain of a VCSOA is given by:
R t is the top mirror reflectivity, R b is the bottom mirror reflectivity, g s is the single pass gain, and is the single pass phase detuning. For a single pass gain of
, the reflection gain equals zero. The origin of this effect lies in the fact that the field reflected off the front facet is 180º out of phase with the fields exiting the cavity. When the two fields are of the same amplitude, the output signal vanishes due to destructive interference. Using this level as off-state greatly increases the extinction ratio.
In order to investigate the maximum extinction ratio of our device, amplifier gain as a function of pump power was measured under CW conditions. Fig. 3 . shows fiber-to-fiber gain as a function of pump power. The dots are measurements and the line is a curve fit based on Eq. 1. The single pass gain in Eq. 1. is linked to the pump power using rate equation analysis as described in Ref. [19] . The input signal wavelength is 1291.45nm and the input signal power (P in ) is -25dBm. Without pump power the 1.3µm signal is reflected off the top mirror of the VCSOA without entering the cavity and 10dB attenuation of the signal is observed. At about 13dBm (22mW) of pump power the condition for output signal cancellation is met and the output signal power decreases drastically. An attenuation of -27dB is measured. As the pump power is increased further, the intensity of the cavity mode increases and the VCSOA eventually shows gain. At about 20dBm (93mW) of pump power a fiber-to-fiber gain of 8dB was measured. For higher pump powers the gain rolls over, as the cavity resonance frequency is redshifted due to heating and the gain spectrum drifts away from the input signal wavelength. An extinction ratio of 35dB for 7dB modulation of pump power is demonstrated. The small pump power modulation needed to produce a large signal extinction ratio ensures fast switching. The curve fit revealed that the carrier density in the on and off states are about 1.5x10 18 cm -3 and 1x10 18 cm -3 , respectively. This will be analyzed below in the section on modulation. Spectra of the output signal at maximum amplification, as well as maximum attenuation is shown in Fig. 4 . No extinction ratio degradation was observed as the input signal power was increased and the VCSOA saturated; 35dB extinction ratio was measured up to P in = -10dBm.
The increased temperature sensitivity at higher pump powers is demonstrated in Fig. 5 . The graph shows spectral dependence of gain for three different pump powers, corresponding to the dip, the maximum gain, and after roll-over in Fig 3. The dots are measured data and the lines are curve fits based on Eq.1. Maximum attenuation, occurring at 22mW of pump power, has its minimum around 1291.4nm. For a pump power of 93mW the peak gain is 8dB. For this increase in pump power, the cavity resonance frequency, and hence the gain peak, is redshifted less than 0.1 nm. The gain bandwidth (FWHM) for a peak gain of 8dB is 0.25nm, so the signal stays within the bandwidth. At higher pump power the heating is more pronounced. Over 10 dB of fiber-to-fiber gain was measured for a pump power of 110 mW. For this pump level however, the peak of the gain spectrum occurs at 1291.8 nm, making modulation up to this level impossible. For high modulation speed, thermal effects will not modulate the cavity resonance frequency. For switching however, when the VCSOA might be in the on-state for longer times, heating of the device can be detrimental to the performance. Optical pumping minimizes heating of the device as joule-heating is eliminated. It is still necessary to operate in a regime where the device can effectively dissipate the generated heat. 
Modulation
Using optical pumping eliminates electrical parasitics, as well as carrier transport issues since carriers are generated in the QWs. The rise time in an optically controlled switch is therefore extremely fast. In order to measure the carrier recombination lifetime, which determines the switching fall time, a pulsed pump source was used. 200fs pulses at 940nm wavelength from a mode locked Ti:Sapphire laser were coupled into the VCSOA through the same focusing lens as the CW source via a beam splitter (Fig. 2) . The pulse repetition rate was 80MHz. The duration of the pump pulse is very short compared to the response in the amplified signal. Generation of carriers can therefore be considered instantaneous. The rise time of the response is governed by the buildup of photon density in the cavity. The decay is governed by the carrier lifetime. Operating the amplifier at high input signal power leads to saturation of the gain. In this regime, stimulated recombination consumes a greater fraction of the available carriers compared to the unsaturated regime, and the carrier lifetime drops. The measured lifetimes ranged from about ¦ = 20ps for P in = -30dBm to ¦ = 11ps for P in = -10dBm. Fig. 6 . shows the response in the amplified signal for P in = -10dBm. The dots are measurements and the lines are exponential curve fits. The change in carrier density needed to produce the desired extinction ratio was deduced from rate equation analysis. The decay time for the signal to go from the on state to the off state is thus given by the exponential N = N 0 exp(-t/τ), where N is the off state carrier density (1x10 18 cm -3 ) and N 0 is the on state carrier density (1.5x10 18 cm -3 ). These numbers give a switching fall time ranging from t = 8ps for P in = -30dBm to t = 5ps for P in = -10dBm.
Small signal frequency response of the VCSOA was measured in order to determine the modulation bandwidth. The drive current to the 980nm pump laser was modulated, which modulated the gain of the amplifier and thereby the signal. Modulation response of the VCSOA is shown in Fig. 7 . For input signal powers of -30dBm and -20dBm a fiber-to-fiber gain of 10dB was measured and the 3dB roll-off occurred at 0.8 and 1.1GHz, respectively. When the input signal power was increased to -10dBm, the gain medium was saturated and the amplifier gain decreased to 5.5dB. In the saturated regime the fast stimulated recombination allows for faster modulation; the 3dB roll-off in the modulation response was 1.8GHz for P in = -10dBm. The measured modulation bandwidth allows for 2.5Gb/s transmission in the saturated regime. In summary, we have investigated the switching and modulation properties of an optically pumped vertical-cavity semiconductor optical amplifier operating in reflection mode at 1.3µm. Large extinction ratios for small pump variations can be achieved in reflection mode operation by taking advantage of the unique properties of Fabry-Perot cavities. We have measured an output signal extinction ratio of 35dB, limited by device heating. This extinction ratio was produced by a 7dB change in pump power. The small pump power modulation needed is beneficial for achieving fast switching times. The carrier recombination life time was investigated in order to determine the switching time. Carrier lifetimes on the order of 11ps to 20ps was measured yielding switching times below 10ps. In addition, small-signal modulation response of the VCSOA revealed a modulation bandwidth of 1.8GHz for operation in the saturated regime. The fast switching times suggest that VCSOAs might be useful in all-optical switches in future packet-switched communication systems, or as remote modulators in FTTH networks.
